The sunlight that reaches the surface of the earth is composed of polychromatic light with wavelengths ranging from 290 nm to 2500 nm. Ultraviolet (UV) light is a component of sunlight that is harmful to organisms. Although it is known that sunlight induces photoproducts and harmful eŠects such as major DNA damage caused by UV light in the tissues of many species including human skin, it is not clear whether sunlight induces oxidative damage in organisms. In this study, we investigated whether sunlight causes oxidative damage in exposed organisms using Drosophila. Third instar larvae were exposed to sunlight for an evaluation of viability and 8-hydroxydeoxyguanosine (8-OHdG) content. Urate-null Drosophila mutant larvae (ry 506 ), which are sensitive to active oxygen-producing agents, were more sensitive to sunlight lethality than the wild-type strain under limited conditions. This sunlight-induced toxicity in ry 506 larvae was partially prevented by pretreatment of larvae with 400 mM uric acid. The level of 8-OHdG in DNA showed no signiˆcant increase in both strains. In contrast, sunlight was signiˆcantly mutagenic for all seasons as reported previously. These results suggest that sunlight is partly responsible for oxidative damage in Drosophila and that 8-OHdG-formation plays little or no role in sunlight-induced mutation and toxicity.
Introduction
The ultraviolet (UV) light that reaches the surface of the earth in the form of sunlight is known to be harmful for many organisms and is classiˆed into UVA and UVB components, which represent 90z and 10z of UV light, respectively. Both of these light-bands are carcinogenic and mutagenic in many organisms (1) . There is signiˆcant evidence suggesting that exposure to UVB results in the formation of dipyrimidine photoproducts such as cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproduct in cellular DNA (2) . Moreover, Qin et al. reported that CPDs were detected in DNA from the skin of mice after exposure to sunlight (3) . We have also demonstrated that the level of thymine dimer and (6-4) photoproduct in Drosophila increases in a manner dependent on the length of exposure to the sun, and that there is an accompanying increase in the rate of mutation (4) . In contrast, UVA is thought to induce mainly oxidative damage via formation of active oxygen species (5) . In addition, UVA and UVB both induce oxidative damage, as revealed by an increase in the levels of 8-hydroxydeoxyguanosine (8-OHdG) residues in DNA from irradiated cells (6) (7) (8) and human epidermis (9) . 8-OHdG is widely investigated as a maker of oxidative DNA damage.
We reported recently that UVA from black lights or 310-nm spectroscopic light does not aŠect 8-OHdG levels, even at doses su‹cient to cause somatic cell mutation (10) . Furthermore, we have shown that natural sunlight is mutagenic in Drosophila larval somatic cells (11, 12) . However, it has not been determined whether natural sunlight causes oxidative damage in organisms exposed to the sun. Urate is well known as an anti-oxidant (13) . In Drosophila, urate plays a role in alleviating oxidative stress (14, 15) , and urate nullDrosophila mutant is more sensitive to active oxygenproducing agents (15) . In this study, we took advantage of the availability of a urate-null strain (ry 506 ) and examined whether exposure to the sun can cause oxidative damage in Drosophila. Our results suggest that sunlight may cause oxidative damage in Drosophila. 
Materials and Methods

Company.
Strains: We used ry 506 , which is an oxidative stresssensitive strain due to a urate-null phenotype, and a wild-type strain (Oregon-R), which were gifts from Dr. H. Ryo (Osaka University, Suita, Japan) and Dr. K. Fujikawa (Kinki University, Higashi-Osaka, Japan). As shown in Fig. 1 , ry 506 larvae were more sensitive to paraquat than the wild-type strain. The genotype of ry 506 is described by Lindsley and Zimm (16) . Exposure to sunlight: Third instar larvae were exposed to the sun in plastic petri dishes for 5 h from 11:00 to 16:00 as previously described (11, 12) . The number of larvae in a petri dish was varied from 80 to 270 every experiment depending on the total numbers of larvae to be used. In the toxicity test, 2-3 petri dishes were provided at each exposure time. Petri dishes were put on a shelf in an incubatorˆlled with cooling water controlled at 25±19 C to maintain the temperature inside the petri dish below 289 C. The temperature was monitored using thermo-indicating tapes (Thermo Label D-16. Asone Co., Osaka) patched on the bottom of the petri dish. The apparatus was located on aˆeld within the campus of Okayama University. The ‰uence of the UV component of sunlight was recorded every 30 min using a UVX-radiometer (UVP Inc., Upland, CA) equipped with broad band UVA-sensor to measure UVA doses. Spectral response of this sensor is shown in Fig. 2 . Following exposure to the sun, some of the larvae were immediately frozen until needed for DNA preparation. At the end of exposure, almost larvae appeared to be still alive since they wriggled in the petri dishes. The remaining larvae were transferred to Drosophila instant medium (Formula 4-24, Carolina Biological Supply, Burlington, NC) and kept at 259 C in the dark. The number of adult ‰ies that eclosed was recorded. Surviving fraction was calculated as follows: surviving fraction (z)＝the number of ‰ies eclosed with exposure/the number of ‰ies eclosed without exposure ×100.
Pretreatment with uric acid: Larvae between the second and third instar stages were maintained on instant medium with or without 400 mM uric acid for 12 hr before exposure. Larvae were washed well with tap water, transferred to petri dishes, and then exposed to the sun as described above. The pretreatment with ascorbic acid was performed in the same manner.
Measurement of 8-OHdG: Extraction and digestion of DNA was done as previously described (17) . Brie‰y, frozen larvae were crushed in liquid nitrogen and homogenized in lysis buŠer (100 mM Tris-HCl pH 8, 100 mM NaCl, 50 mM EDTA pH 8, 2z SDS, 10 mM spermine, 10 mM spermidine). Larval DNA was extracted with phenol-chloroform extraction followed by ethanol precipitation. DNA in solution was dialyzed against TE buŠer overnight after treatment with RNase A. A deoxynucleoside mixture was prepared from the dialyzed DNA by treatment with DNase I, phosphodiesterase, and then alkaline phosphatase.
Deoxynucleosides were then separated by HPLC and the level of 8-OHdG was determined as previously described (18) . Brie‰y, an HPLC column (Beckman Ultrasphere-ODS, 5 mm, 4.6×250 mm, Beckman Coulter, Inc., Japan) at 279 C was equipped with an ECD (Coulochem II, ESA Inc., Chelmosford, MA; electrode 1, 0.15 V; electrode 2, 0.3 V; guard cell, 0.35 V) to monitor 8-OHdG levels. The mobile phase (‰ow rate of 1 mL/min) consisted of 10 mM NaH2PO4 and 8z methanol. Deoxyguanosine (dG) was monitored with a UV detector at 290 nm. The level of 8-OHdG was expressed as the number of residues per 10 5 dG. The concentrations of dG and 8-OHdG in a standard mixture were 0.5 mg/mL and 5 ng/mL, respectively. Typical HPLC readouts are shown in Fig. 3 .
Results
EŠects of sunlight on Drosophila larvae: To test the eŠects of natural sunlight on Drosophila larvae, we performed 16 experiments (on 14ˆne days and two cloudy days) between April and December over a period of three years. The urate-null mutant strain ry 506 was more sensitive to sunlight than the wild-type strain on ne days from April to October. In contrast, there was no detectable diŠerence in the sensitivity of the two strains on the two cloudy days and two days of December (Table 1) . Wild-type viability decreased markedly when the UVA ‰uence was over 160 kJ/m 2 (such as April 27, July 24 and September 4 (2000)).
Damage to the ry 506 strain after 4 or 5 h of exposure was signiˆcant during certain periods (April 27 and July 24), and no adult ‰ies eclosed from these treatments. On cloudy days the UVA ‰uence was less than 100 kJ/m 2 (similar to aˆne day in December) and viability did not change even when the experiments were performed in the summertime. These results suggest that oxidative stress protection by urate in Drosophila larvae was signiˆcant only when the UVA ‰uence of sunlight was more than 120 kJ/m 2 . EŠect of pretreatment with urate: In order to determine if uric acid suppresses the oxidative damage caused by sunlight, we treated larvae with urate prior to exposure to the sun and compared the pre-treated group to untreated controls. As shown in Fig. 4 , the lethality induced by sunlight was reduced when larvae were treated with uric acid prior to exposure. This protective eŠect was more pronounced in the ry 506 strain than in the wild-type strain. When larvae were pretreated with ascorbic acid, no protective eŠects of ascorbic acid were observed (unpublished observations).
8-OHdG levels in DNA from larvae exposed to sun- 506 surviving fraction to wild-type surviving fraction after larvae were exposed to the sun for 5 h. † † Ratio of the ry 506 surviving fraction to wild-type surviving fraction after larvae were exposed to the sun for 2 h, because all larvae of ry 506 died even at 3 h-exposure. † † † Ratio of the ry 506 surviving fraction to wild-type surviving fraction after larvae were exposed to the sun for 4 h, because all larvae of ry 506 died at 5 h-exposure. ND Not determined. light: In order to determine if sunlight causes oxidation of larval DNA, we measured 8-OHdG levels in DNA from urate-null and wild-type larvae after exposure to sunlight. DNA samples were prepared from larvae in four independent experiments, as shown in Table 1 . The levels of 8-OHdG in unexposed wild-type and ry 506 larvae were 1.58±0.24 and 1.58±0.39/10 5 dG, respectively. As shown in Fig 5, 8 -OHdG levels increased after exposure to sunlight, with the increase being slightly larger in ry 506 than wild-type larvae (Fig. 5 , E and G). Sunlight produced clear signs of toxicity in the ry 506 strain at these exposure levels (Fig. 5, A and C) . On a certain day the increase did not diŠer between ry 506 and wild-type larvae (Fig. 5, F) , while on another day the level of 8-OHdG did not increase in either strain (Fig. 5, H) . The overall results indicated that the increased level of 8-OHdG in ry 506 larvae was not statistically signiˆcant.
Discussion
The present study investigated whether natural sunlight causes oxidative damage in whole animals using Drosophila as a model organism. Except in wintertime, exposure to sunlight onˆne days appeared to be more harmful to urate-null mutant ry 506 larvae than wild-type larvae. Urate-null ry 506 strain is sensitive to paraquat, active oxygen producing agent ( Fig. 1 ), but not to MeIQx even if larvae were treated at the doses inducing DNA damage (unpublished observations). To the best of our knowledge, this is theˆrst study to show that oxidative damage is induced in animals by natural sunlight and that the detrimental eŠects of exposure can be at least partially reduced by prior treatment with uric acid. As vitamin C did not protect larvae from sunlight toxicity, uric acid should play an important role in Drosophila for the avoidance of toxicity induced by sunlight. In contrast to results obtained onˆne days, exposure to light on cloudy days did not aŠect the viability of either strain. Furthermore, larvae were similarly unaŠected by exposure to light onˆne or cloudy days in winter. These results suggest that signiˆcant oxidative damage is induced in larvae only when the UV ‰uence is over 120 kJ/m 2 (by UVA sensor). Although we investigated the possibility that this eŠect is mediated by or concurrent with a change in 8-OHdG levels in the DNA, the results were inconclusive because there was signiˆcant variation between independent experiments. In another study, we examined the eŠects of artiˆcial UV light using a black light (peak wavelength, 365 nm) as a UVA source and a ‰uorescent light (peak wavelength, 312 nm) as a UVB source. 300 kJ/m 2 of UVA did not result in a detectable change in 8-OHdG levels and was not toxic to either strain. In contrast, exposure to 10 kJ/m 2 of UVB was toxic but did not elevate the amount of 8-OHdG in either strain (unpublished observations). We also performed the experiments using monochromatic UVA lights. Providing over 300 kJ/m 2 of 330, 340 and 364 nm-light did not elevate 8-OHdG levels in Drosophila larval DNA, whereas irradiation with 320 nm-light resulted in a slight increase in 8-OHdG levels (data not shown). In these experiments, monochromatic lights of wavelength 320, 330 and 340 nm showed more toxic eŠects on ry 506 than the wild-type strain (unpublished observations). These results are not in agreement with previous reports (6) (7) (8) . When Drosophila DNA in solution was irradiated with 20 kJ/m 2 of UVB light (302 nm peak wavelength), 8-OHdG residue levels increased 6-fold; however, there was no change in the response to irradiation with 300 kJ/m 2 of UVA (unpublished observations). Since we can detect dipyrimidine photoproducts (4) but not 8-OHdG in DNA from exposed larvae, the 8-OHdG-repair rate might be faster than that of photoproducts. 8-OHdG in DNA might be e‹ciently removed via the activity of two glycosylases, ribosomal protein S3 and OGG1 (19, 20) . Recently, we observed that exposure to strong homogeneous 364 nm laser light resulted in an increase in the levels of 8-OHdG in DNA from both wild-type and urate-null strains after only 30 min of irradiation, which corresponded to a UV dose of 500-600 kJ/m 2 (unpublished observations). Thus, the oxidative stress that results in an increase in 8-OHdG levels in DNA seems to be diŠerent from the oxidative stress that can be prevented by pre-treatment with uric acid. Furthermore, we showed previously that sunlight induces somatic cell mutations in Drosophila during any season, including winter and on cloudy days (11) . The overall data suggest that levels of 8-OHdG exhibit little or no correlation with the toxicity and mutagenicity induced by sunlight. As sunlight is composed of polychromatic light, various wavelengths of light including visible lights and infrared rays as well as UV lights, may collectively aŠect the viability of organisms such as Drosophila.
